Cell adhesion status regulates energy metabolism in adult stem cells Adherent adult stem cells (CDCs, MSCs, ASCs) utilize glycolysis to generate majority (70% to 85%) of their cellular ATP needs Akt phosphorylation transduces adhesion-mediated regulation of energy metabolism by regulating membrane translocation of glucose transporters (GLUT1) and thus, cellular glucose uptake and glycolysis Cell dissociation/suspension leads to Akt de-phosphorylation, >3-fold reduction in the number of cell surface GLUT1 receptors, downregulation of cellular glucose uptake, glycolysis, cellular ATP levels, and loss of cell viability Encapsulation of dissociated cells in hydrogels that provide cell adhesion motifs, promotes Akt phosphorylation, rapidly restores glycolysis, and cellular ATP levels 99m Tc-pertechnetate uptake (by cells genetically engineered to express the Na-Iodide symporter) reflects cellular ATP levels, thus permitting in vivo monitoring of energetics of transplanted cells by SPECT imaging.
SUMMARY
Adult stem cells demonstrate metabolic flexibility that is regulated by cell adhesion status. The authors demonstrate that adherent cells primarily utilize glycolysis, whereas suspended cells rely on oxidative phosphorylation for their ATP needs. Akt phosphorylation transduces adhesion-mediated regulation of energy metabolism, by regulating translocation of glucose transporters (GLUT1) to the cell membrane and thus, cellular glucose uptake and glycolysis. Cell dissociation, a pre-requisite for cell transplantation, leads to energetic stress, which is mediated by Akt dephosphorylation, downregulation of glucose uptake, and glycolysis. They designed hydrogels that promote rapid cell adhesion of encapsulated cells, Akt phosphory- C ellular cardiomyoplasty is limited by low levels of transplanted cell engraftment (1) . One possible contributor to low engraftment is the need for cell dissociation/suspension, which leads to downregulation of metabolism, and anoikis (2, 3) . Yet, very little is known about the mechanisms underlying the metabolic effects of cell suspension and whether strategies that improve energy metabolism of suspended cells might increase their viability. Studies in adherent stem/progenitor cells reveal high rates of glucose metabolism via glycolysis (4) to generate lactate, despite oxygen availability, which is referred to as aerobic glycolysis or the Warburg effect (5) . Although the ATP yield of glycolysis is lower than oxidative phosphorylation (OxPhos), glycolysis supplies metabolic intermediates for biosynthetic processes (e.g., nucleotide, amino acid, and lipidogenesis), which is advantageous for rapidly proliferating cells (5) . High rates of glucose metabolism can also inhibit the pyruvate dehydrogenase complex, leading to inhibition of OxPhos (also called the Crabtree effect) (6) and shunting of pyruvate into lactate. But, it has not yet been determined if cell viability can be increased by switching glycolysis to OxPhos (which is more efficient at ATP generation) during conditions of energetic stress such as cell dissociation/suspension (2, 3) .
In this study, we performed a detailed investigation of metabolism in suspended and adherent cells cultured as monolayers (2- regenerative Cells), to promote cardiac regeneration (8) (9) (10) ; targeted metabolic studies were also performed in human adipocyte stromal cells (11, 12) . We discovered that proliferating CDCs possess metabolic flexibility, and cell attachment status modulates cellular energetics dynamically. CDCs adherent for $3 h rely primarily on glycolysis for ATP generation and possess the ability to up-regulate glycolysis/ glycolytic ATP generation following inhibition of OxPhos-we refer to this phenomenon as glycolytic reserve (13) (14) (15) (16) . In contrast, suspended CDCs downregulate glucose uptake/glycolysis and have an increased reliance on OxPhos for ATP generation.
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motifs (17) (18) (19) to encapsulated cells, and demonstrate that cell encapsulation in hydrogels stimulates integrin activation, ATP generation by OxPhos/glycolysis, rapid restoration of cellular ATP levels, and cell viability in vitro. In vivo energetic restoration in transplanted CDCs was confirmed by single-photon emission computed tomography (SPECT) imaging in the rat model following transplantation of CDCs expressing the Na þ -iodide symporter (NIS) (3, 20) . NIS actively cotransports Na þ and the radiotracer 99m Tcpertechnetate into cells, using the electrochemical Na þ gradient generated by Na þ /K þ -ATPase (21 
RESULTS
ADHERENT CELLS POSSESS GLYCOLYTIC RESERVE. We and others have demonstrated the importance of aerobic glycolysis in proliferating stem cells in culture (3, 4, 12, 16) . But, following transplantation into the heart, cells are exposed to blood whose composition is different from cell culture media. Furthermore, transplanted cells may also have limited access to O 2 , as in the case of transplantation into ischemic tissue.
Hence, we examined energy metabolism and quantified the relative contributions of OxPhos and glycolysis to cellular ATP generation under 3 metabolic states, namely aerobic glycolysis, anaerobic glycolysis, and OxPhos. We accomplished this by culturing adherent CDCs for 24 h in medium containing 10% FBS plus glucose (25 mmol/l) to favor aerobic glycolysis, pyruvate (25 mmol/l) to favor OxPhos, or glucose (25 mmol/l) þ DMOG (1 mmol/l) (29) to favor anaerobic glycolysis, prior to metabolic studies ( Figure 1A) .
During aerobic glycolysis, OxPhos inhibition by oligo resulted in a 55% reduction in OCR (coupled respiration ¼ 55%) ( Figures 1B and 1C ), which was associated with a small drop in cellular ATP levels (OxPhos ATP ¼ 15%) ( Figure 1D ). This reduction in OCR was associated with a rapid increase (within minutes) in ECAR ( Figure 1B) as well as an increase in glucose uptake and lactate generation ( Figure 1E ), indicating the presence of glycolytic reserve (13) (14) (15) . Iodo treatment led to a marked reduction in ECAR and cellular ATP levels (glycolytic ATP ¼ 85%), confirming a reliance on glycolysis for ATP generation in adherent cells ( Figure 1D ). As expected, oligo led to abolition of OCR and collapse of cellular ATP in the pyruvate condition (OxPhos ATP ¼ 100%), but had no effect on OCR and cellular ATP during anaerobic glycolysis; however, iodo led to a marked reduction in cellular ATP during anaerobic glycolysis (glycolytic ATP ¼ 100%) and had no effect in the pyruvate condition (glycolytic ATP ¼ 0%) ( Figures 1C and 1D ). Taken together, these results indicate that OxPhos contributes w15% of cellular ATP Figure 1F ). Interestingly, cell proliferation was observed for 6 days following
OxPhos inhibition by oligo in the setting of aerobic glycolysis ( Figure 1G ), but not in the pyruvate Figure 2B] ). PI3K-Akt inhibition also led to a small reduction in OCR ( Figure 2A ) and decrease in total cellular ATP levels ( Figure 2B ).
To examine mechanisms underlying reduction in glucose uptake, we used flow cytometry to quantify cell surface expression of GLUT1, the main glucose transporter in CDCs (Supplemental Figure 3A) , whose translocation to the membrane has been reported to be dependent on Akt signaling (34) . Using a GLUT1 construct containing a FLAG tag (Supplemental Figure 3B ), we observed that oligo treatment increased cell surface localization of FLAG-GLUT1
( Figure 2E) , and PI3K-Akt inhibition reduced cell surface expression of GLUT1 (34 Abbreviations as in Figure 1 .
Afzal et al. Because ATP generation by OxPhos is increased in suspension, we tested the hypothesis that upmodulation of OxPhos would reduce energetic stress and improve viability in suspension. We replaced glucose with pyruvate because it is transported into cells via the monocarboxylate transporter (37) rather than GLUT1, and can directly enter the Krebs cycle to stimulate OxPhos, thus bypassing glycolysis. We discovered that both cellular ATP levels ( Figure 5C1 ) and viability ( Figures 5F and 5G) were markedly higher in pyruvate-treated suspended cells when compared with cells suspended in glucose 
CDC encapsulation in (3D) hydrogels stimulated
OxPhos and glycolysis ( Figure 6B) ; increased OCR/ ECAR ratio ( Figure 6C) , glucose uptake ( Figure 6D) , Because 99m Tc-pertechnetate uptake by NIS is coupled to Na þ uptake, which depends on the intracellular Na þ gradient and Na þ -K þ -ATPase activity (41) ( Figure 7A ), we expected that cellular 99m Tc-pertechnetate uptake would vary with cellular ATP levels. To confirm dependence of 99m Tc-pertechnetate uptake on cellular ATP levels, we quantified 99m Tc-pertechnetate in NIS þ CDCs after restricting metabolism to aerobic FIGURE 5 Continued (A1 and A2) Live respirometry in 24-h adherent, suspended, and replated CDCs. Adherent cells have higher glycolysis (ECAR) than suspended cells and re-plated cells. Cells in suspension and immediately following replating have higher OxPhos than cells adherent for 24 h. ECAR is restored within 60 to 90 min following replating. Cells in suspension do not exhibit increase in ECAR following oligo treatment, indicating a loss of glycolytic reserve (blue arrowhead). Data is presented as mean AE SEM with n ¼ 4. Two-way repeated ANOVA followed by Tukey's post-hoc test was used to compare respirometry data in the 3 groups. (B) OCR/ECAR ratio. Cell suspension and early replating are associated with significant increase in the OCR/ECAR ratio, due to a greater increase in OCR than ECAR when compared with cells adherent for 24 h. The Student t test was used to compare each condition, with results from 24-h adherent cells cultured in the presence of serum/glucose-containing medium (control). (C) Energetics. Suspension (C1) leads to a reduction in cellular ATP levels and increase in ATP generation by OxPhos, when compared with cells adherent for 3 to 24 h (C3). Replacing glucose with pyruvate results in the highest ATP levels in suspended cells and early during early replating (C2), but ATP levels are still lower than cells adherent for 3 to 24h (C3). Cells fail to increase glycolytic ATP following inhibition of OxPhos by oligo in suspension, indicating loss of glycolytic reserve. Early replating (C2) increases ATP generation by OxPhos, but cellular ATP levels are lower than in cells adherent for 3 to 24 h. Statistical comparison for total ATP levels were performed using the Student t test. 1 representative image is shown Results and presented as mean AE SD; n ¼ 6. Each experiment was repeated 3 times unless otherwise specified. *p < 0.05. Abbreviations as in Figure 1 .
Afzal et al. following treatment with metabolic inhibitors. We calculated oligo-sensitive 99m Tc-pertechnetate uptake and compared it with oligo-sensitive cellular ATP levels. Notably, the fraction of 99m Tc-pertechnetate uptake inhibited by oligo (oligo-sensitive 99m Tcpertechnetate uptake) ( Figures 7B and 7C ) was similar to the fraction of cellular ATP inhibited by oligo (oligo-sensitive ATP levels) ( Figure 1D) , indicating that 99m Tc-pertechnetate uptake by NIS þ cells mirrors cellular ATP levels.
Next, we assessed in vitro 99m Tc-pertechnetate uptake following NIS þ CDC encapsulation in hydrogels.
CDCs grown as monolayers were compared with
CDCs encapsulated in hydrogels and suspended CDCs. 99m Tc-pertechnetate ( Figure 7D ) uptake by CDCs encapsulated in hydrogels was significantly higher than suspended CDCs or CDCs plated as monolayers.
We have previously shown that intramyocardial (A) Schematic illustrating link between 99m Tc-pertechnetate uptake and cellular ATP levels. Cells transduced with NIS (using lentivirus) take up 99m Tc-pertechnetate, which permits cell tracking by single-photon emission computed tomography (SPECT). 99m Tc-pertechnetate transport by NIS is dependent on the transmembrane Na þ gradient, which is maintained by Na þ -K þ -ATPase. Because Na þ -K þ -ATPase activity is dependent on cellular ATP levels, cellular energetic state modulates 99m Tc-pertechnetate uptake. (B) Oligo treatment led to a 15% reduction of 99m Tc-pertechnetate uptake by NIS þ cells. 99m Tc-pertechnetate uptake by NIS þ cells was abolished by oligo treatment when NIS þ cells were cultured in pyruvate medium (OxPhos condition); oligo did not affect 99m Tc-pertechnetate uptake when cells were cultured with DMOG (anaerobic glycolysis condition). Statistical comparison was performed between cells cultured in medium containing pyruvate or DMOG with cells cultured in glucose medium, using the Student t test. (C) Oligo treatment led to a 15% reduction in total cellular ATP ( Figure 5C2 ) and 99m Tc-pertechnetate uptake (B), suggesting that 99m Tc-pertechnetate uptake by NIS þ cells reflects cellular ATP levels. (D)
In vitro 99m Tc-pertechnetate uptake was markedly reduced by suspension and restored by replating as monolayers or encapsulation in hydrogels. Statistical comparison of each condition was performed with 1-h suspension condition using the Student t test. Data is presented as mean AE SD; n ¼ 6. **p < 0.01; ***p < 0.001. Abbreviations as in Figure 1 .
Afzal et al. NIS gene expression to monitor/maximize energetics and thus increase engraftment of transplanted cells in future preclinical studies of cell transplantation. We Schematic illustrating the relationship between energetics and 99m Tc-pertechnetate uptake in adherent and suspended cells. Glycolysis is the main ATP-generating metabolic pathway in proliferating cells. Cell dissociation/suspension leads to reduced surface expression of GLUT1, reduced glucose uptake and glycolytic flux with consequent reduction in cellular ATP levels. NIS expression permits cellular transport of 99m Tc-pertechnectate, which is coupled to Na þ -K þ -ATPase activity, and modulated by cellular ATP levels. Suspended cells have down-regulation of glycolysis, lower cellular ATP levels, and lower 99m Tc-pertechnectate uptake, when compared with adherent cells. Abbreviations as in Figure 1 .
Afzal et al. Here, we provide proof-of-principle results for the use of scaffolds to restore transplanted cell energetics acutely following transplantation. One limitation of using hydrogels containing serum or lysed blood is interindividual variations in serum/blood composition that can influence stem cell biology; metabolic scaffolds with a defined chemical composition would be optimal for clinical translation. Last, we recognize that the effect of metabolic modulation on exosome release was not assessed in this study. Because exosome secretion is an important mechanism underlying the benefits of CDC transplantation (44) , our study has unclear implications for exosome release in particular, and for CDC potency in general. 
CONCLUSIONS

